Abstract. Yellow fever virus (YFV) has emerged as the causative agent of a vector-borne disease with devastating mortality in the tropics of Africa and the Americas. YFV phylogenies indicate that the isolates collected from West Africa, East and Central Africa, and South America cluster into different lineages and the virus spread into the Americas from Africa. To determine the nature of genetic variation accompanying the intercontinental epidemic, we performed a genome-wide evolutionary study on the West African and South American lineages of YFV. Our results reveal that adaptive genetic diversification has occurred on viral nonstructural protein 5 (NS5), which is crucially required for viral genome replication, in the early epidemic phase of these currently circulating lineages. Furthermore, major amino acid changes relevant to the adaptive diversification generally cluster in different structural regions of NS5 in a lineage-specific manner. These results suggest that YFV has experienced adaptive diversification in the epidemic spread between the continents and shed insights into the genetic determinants of such diversification, which might be beneficial for understanding the emergence and re-emergence of yellow fever as an important global public health issue.
INTRODUCTION
Yellow fever (YF) is an acute hemorrhagic disease caused by arthropod-transmitted yellow fever virus (YFV). The large scale outbreaks of YF in Africa, North and South America, and Europe resulted in devastating mortality from the fifteenth to nineteenth centuries.
1,2 YF currently remains an important global public health concern. For example, the burden of YF was 84,000-170,000 severe cases and 29,000-60,000 deaths in tropical areas of Africa and South America during 2013. 3 YFV possesses a single-stranded, positive-sense RNA genome. The genome consists of two untranslated regions at the 5′-and 3′-ends, and an open reading frame. 4, 5 The open reading frame is translated as a single polyprotein, which is further cleaved into 10 mature proteins by host cellular signal peptidase and virally encoded proteases. These proteins comprise three structural proteins (C, prM, and E) and seven nonstructural (NS) proteins (NS1, NS2A, NS2B, NS3, NS4A, NS4B, and NS5).
YFV is a member of the genus Flavivirus, which comprise one of the four genera in the family Flaviviridae together with the genera Hepaciviruses (e.g., hepatitis C virus), Pegivirus (e.g., hepatitis G virus), and Pestiviruses (e.g., classical swine fever virus). [6] [7] [8] Based on genetic diversity, YFV isolates can be grouped into three lineages: East and Central Africa, West Africa, and South America. [9] [10] [11] It is noteworthy that the lineages present clear geographic structuring-that is, the isolates collected from East and Central Africa, West Africa, and South America cluster into different lineages. Previous studies have revealed that YFV originated in East or Central Africa and later spread to West Africa. 9 The current South American lineage arose from a common ancestor shared with the West African lineage and was disseminated to the Americas from West Africa during the slave trade. 10, 11 The emergence of YF in the Americas provides a powerful historical demonstration of how the microbes rapidly spread through human agency between continents. 11 However, the striking phylogeographic profile indicates that, besides the contribution of global trade and transportation in the modern era, the relevance between genetic diversity of YFVs and the intercontinental epidemic should be considered.
The phylogeographic diversity between the viral lineages could reflect an adaptation in the process of epidemic spread. In this context, an important step forward for further understanding the dissemination of YFV between the continents is to describe the quality and quantity of adaptive genetic diversification that accompany the epidemic spread. In this article, to determine the existence of adaptive diversity between the West African and South American lineages and characterize the changes potentially involved in generating the adaptation, we analyzed the genetic variations occurred in the split of these lineages covering the complete polyprotein-coding region.
MATERIALS AND METHODS
Sequence data collection and alignment. Complete genomes and coding sequences of YFV field isolates were collected from the National Center for Biotechnology Information (NCBI) database. Forty-two complete genome or coding sequences were finally used for following evolutionary characterization (Supplemental Table 1 ). After these sequences were aligned using ClustalW, 12 the codon reading frames of alignment result were then checked manually and the ambiguous codons were removed.
Phylogenetic analysis of YFV isolates. To infer phylogenetic relationships among the YFV field isolates used in this study, we performed maximum likelihood (ML) and neighborjoining (NJ) analyses in MEGA5 using the complete coding sequences of prM/E and NS5. 13 For ML analysis, the general time reversible model of evolution allowing *Address correspondence to Yan Li, College of Animal Science and Technology, Sichuan Agricultural University, Wenjiang, Chengdu, 611130, People's Republic of China. E-mail: liyan@sicau. edu.cn shape parameter of a gamma distribution plus a proportion of invariant sites was implemented on each of the datasets.
14 For NJ analysis, the Jukes-Cantor model of nucleotide substitution was used. 15 The reliabilities of the reconstructed trees were evaluated by the bootstrap method with 1,000 replications.
Recombination detection. The search for recombination in 42 YFV isolates was conducted with the RDP v4.56 software package (University of Cape Town, Cape Town, South Africa). 16 Recombination events were identified using the BOOTSCAN, 17 the GENECONV, 18 the Maximum Chi Square (MAXCHI), 19 the Recombination Detection Program, 20 and the Sister Scanning (SISCAN) methods. 21 The P value cutoff was set to 0.05 and used throughout. Only recombination event detected with three or more methods was taken into consideration.
McDonald-Kreitman test on the coding sequences of all individual proteins. The McDonald-Kreitman (MK) test for protein coding data has been a commonly used method for detecting the presence of adaptive diversification. 22 In this test, if the genetic divergence occurs by neutral processes, the ratio of replacement (nonsynonymous) to synonymous divergence between lineages should be roughly equal to the ratio of replacement to synonymous polymorphism within the lineages. By contrast, if some of the replacements have been influenced by positive adaptive selection, the ratio of replacement to synonymous fixed divergence should be greater than the ratio of replacement to synonymous polymorphism. 22 We adopted the MK test to identify adaptive diversification in all 10 individual proteins separately since the viral proteins perform different functions and might have experienced different evolutionary processes (Chambers and others 1990; Rice and others 1985) . Because of the relatively small numbers of polymorphisms and divergences in the individual coding sequences, a Fisher's exact test of independence was performed and significant excess of replacement divergence between the lineages can be used to reject the neutral mutation hypothesis in favor of adaptive diversification. 23 Divergence scan. We estimated nucleotide sequence divergence within YFV West African and South American lineages by means of the Simplot program (Johns Hopkins University, Baltimore, MD). 24 YFV lineage reference sequences were randomly chosen as follows: West African lineage: JX898873 and U54798; South American lineage: JF912182 and JF912188. The slide window is 200 nt and moved along the entire coding sequence in steps of 20 nt.
Test for the functional divergence on the coding sequences of putative diversified proteins. Because the changes of amino acid physiochemical characteristics at critical sites could bring about the functional diversification as a response to different environmental challenges, 25 we then detected type II functional divergence at homologous sites in the split of the lineages from a common ancestor by means of the method Gu-2006 in DIVERGE 3.0 (Iowa State University, Ames, IA). 26 Type II functional divergence represents the evolutionary pattern where amino acids at individual sites are conserved in each lineage but their physiochemical characteristics are different. The method Gu-2006 calculates the coefficient of type II functional divergence (θ II ) between the generated lineages, 26 and the z score test is implemented for statistical evaluation based on the estimate of θ II and its standard error (θ II SE). 27 The null hypothesis is θ II = 0, which means that the absence of this type of functional divergence between member lineages. A rejection of the null hypothesis would indicate that the homologous proteins have potentially experienced functional divergence with the split of the lineages that is, changes of functional roles at the sites involved are likely to have occurred. Furthermore, the posterior probability is used to predict the amino acid sites that could be responsible for these functional differences with a probability cutoff. 26 
RESULTS
Phylogenetic division of YFV isolates. To identify the general relationships of YFV field isolates used in this study, we reconstructed ML and NJ phylogenic trees with their prM/E and NS5 coding sequences. The clustering structures of the ML trees are generally similar, which comprise three well-supported clades ( Figure 1 ). The clade divisions appear to have strong geographic structuring between and within continents ( Figure 1 , Supplemental Table 1 ). Also, the NJ phylogenic trees for these coding sequences (not shown) have similar relationships to those based on ML method. Because the phylogeographic features are totally consistent with those found in previous studies, 10, 11 these clades were designated West African, East/Central African, and South American lineages as those used by Chang and others. 10 The West African and South American lineages consist of 19 isolates, but the East/ Central African lineage just includes four isolates.
Our following analyses focus only on the West African and South American lineages because of the following. 1) Epidemiologically, these lineages have recently split from a common ancestor and exhibit considerable phylogenic diversity accompanying the intercontinental epidemic. 2) Methodologically, a small amount of the East/Central African YFV sequences counted tends to yield false estimates of genetic variations. 28 Signature of adaptive diversity between YFV West African and South American lineages. We performed the MK test to detect the adaptive diversity between the West African and South American lineages. The estimate of this method is based on a key assumption that there is no recombination between the sets of homologous coding sequences from different phylogenetic clades. 22 In this study, a premier concern on the intra-species comparison is that the potential recombination between these lineages would invalidate the assumption. Hence, in the first instance, we carried out a recombination analysis covering the entire coding sequence of the 42 YFV genome. 16 The result indicated that only one recombination event may have taken place, and the recombination donors and recombinant belong to the East/Central African lineage, but not the West African and South American lineages (Supplemental Figure 1) . This is consistent with the pattern reported by McGee and others that recombination did not act as an important factor in YFV evolution in nature. 29 The combined information suggested that the impact of recombination could be ruled out in the following analyses.
We then implemented the MK test to assay the occurrence of adaptive diversification in all individual proteins. The results showed that there are clear differences in evolutionary pattern among these viral proteins (Table 1) . For the coding sequence of NS5, the Fisher's exact test of independence indicated that the ratio of replacement differences to synonymous differences that were fixed between lineages was significantly greater than that of intra-lineage replacement versus synonymous polymorphisms (P < 0.05). Additionally, the test on that of NS1 exhibited an excess of replacement divergence between lineages with a marginal probability of 0.083. In contrast, the results from the other protein coding sequences did not display such pattern of evolution.
Of note, because of the high mutation rate of YFV, 30 the estimate of adaptive diversification based on MK test is biased downward by the segregation of low-frequency polymorphisms. 31 Therefore, it is also feasible that the rapid accumulation of polymorphisms on the other proteins might bring about no significant statistic difference between the compared lineages. To put this into perspective, we constructed similarity plots with SimPlot program to determine how related is one protein of isolates within the West African and South American lineages. 24 As shown in Supplemental Figure 2 , for each lineage, the sequence homology is generally similar throughout genome. In this situation, the presence of the different evolutionary patterns among the viral proteins is difficult to explain under the hypothesis of different mutation distribution in their coding regions. Thus, the combined results suggested that NS5 and possibly NS1 had experienced adaptive diversification with the segregation process of the West African and South American lineages.
Amino acid sites experienced functional divergence between YFV West African and South American lineages. To detect the signature of adaptive diversification at the individual amino acid sites, we implemented the method Gu-2006 in DIVERGE 3 with the NS5 and NS1 coding sequences of the West African and South American lineages. 26, 27 For NS5, the coefficient of type II functional divergence (θ II ) value was larger than 0 with significance (P < 0.01) ( Table 2) . Furthermore, a number of amino acid sites had site-specific scores of the posterior probability ratio that rejected a neutral expectation in favor of functional divergence (P ≥ 0.85). However, for NS1, the estimate of the θ II did not show a similar pattern of evolution and no site has been subjected to functional divergence (Table 2) .
Taken together, the accumulated results suggested that NS5, but not the other proteins, had most likely experienced functional divergence with the split of the West African and South American lineages.
DISCUSSION
The dissemination of disease across geographic space could produce different epidemic features. The objective of this study is to identify the genetic signature of YFV underlying the epidemic spread between the continents. We characterized the genome-wide genetic variations between the West African and South American lineages using MK and DIVERGE functional divergence tests. The MK test is generally robust to most demographic factors. 22, 32 The exception is that the slightly deleterious nonsynonymous mutations combined with a rapid expansion in population size can decrease the number of nonsynonymous polymorphisms and thereby yield an artifactual signature of adaptive diversity. 32, 33 For YFV, it has been indicated that the South American lineage arose from a common ancestor shared with the West African lineage and was imported to the Americas following the slave trade approximately 300-400 years ago. 5, 6, 10, 11 These findings raised further concerns about the implication of the epidemic expansion for adaptive diversity evaluation. It is noteworthy that the effect of a demographic factor, such as expansion in population size, is the same for the different genomic regions in the case of no recombination. In this study, however, the results of the MK test on the coding sequences of NS5 showed a clearly different evolutionary pattern compared with the majority of the other coding sequences (Table 1) . Thus, the effect of demographic factors could be roughly ruled out-that is, the excess of amino acid segregations on NS5 between the West African and South American lineages is most likely to be a consequence of adaptive diversification rather than an artifact of demographic factors.
The method Gu-2006 in DIVERGE suggested that the type II functional divergence could have contributed to adaptive changes at a number of sites (Table 2) . It is of note that the amino acids at these identified sites were highly conserved within each individual lineage. Because the isolates were collected from different countries over the past several decades (Supplemental Table 1 ), the adaptive changes at these sites have most likely occurred in the early epidemic phase of these currently circulating lineages. These observations further raise the question of which changes may be relevant to the adaptive diversification accompanying the epidemic spread of the South American lineage and that of the West African lineage. Using the East/Central African lineage as an outgroup, 9,11 we parsimoniously addressed the phylogenetic distribution of the functional divergence-related changes in these lineages. Thirteen out of 17 identified changes were unambiguously mapped onto the lineages, of which six occurred in the South American lineage and seven in the West African lineage ( Figure 2 , Table 2 ).
To shed insight into the functional significance of the putative functional divergence-related changes, we looked at the location of the identified sites in three-dimensional structure. It has long been known that the flavivirus NS5 is composed of an N-terminal methyltransferase domain and a C-terminal RNA-dependent RNA polymerase (RdRp) domain. 34, 35 A hallmark of flavivirus genome is the cap structure at the 5′-untranslated region. 36 The methyltransferase domain has the ability to perform methylation reactions required for the cap formation, 37 and the RdRp domain is responsible for replicating the viral RNA genome in a cap-dependent manner. 38 Because the overall structure of YFV protein NS5 is still lacking and only methyltransferase domain (aa 1-268) are well studied, 39 the functional divergence-related changes were mapped on the three-dimensional structures of the YFV methyltransferase domain and the full-length flavivirus NS5 from Japanese encephalitis virus. 40 We note that four out of six South American lineage-specific adaptive changes cluster in the methyltransferase domain and, in contrast, the majority (six out of seven) of the West African lineage-specific and all four phylogenetically ambiguous changes are distributed on the RdRp domain (aa 275-905, correspond to aa 276-905 of Japanese encephalitis virus NS5) (Figures 2 and 3) . The inconsistent pattern between the lineages inferred that they underwent quite different evolutionary fates potentially constituting different functional changes.
In terms of the South American lineage-specific changes, four (R107K, A173G, D177E, and N178S) took place on the methyltransferase domain's bottom face adjacent to RdRp domain and two (K313R and Q880K) occurred on the top face of the RdRp domain (Figures 2, 3A and B) . 39, 40 Such structural distribution pattern, in combination with the evolutional co-occurrence within specific lineage at the early epidemic stage, implied coevolution and functional interaction of these identified sites. For the West African lineagespecific changes, except the substitution I229V lied in the methyltransferase domain ( Figure 3A) , the others are distributed on several disparate regions of the RdRp domain (Figures 2 and 3C) . Some of the changes fall in important functional domains. For example, the identified site 322 lies in the β nuclear localization sequence (aa 322-370, correspond to aa 320-368 of dengue virus serotype 2 NS5) which bring YFV NS5 to the nucleus of host cell and site 801 is in the priming loop, which plays a crucial role in flaviviral RNA synthesis. [41] [42] [43] Notably, in classical swine fever virus of the genus Pestivirus, it has been reported that adaptive diversification has occurred on the RdRp NS5B between two major groups, which could be relevant to their virulence diversity. 44 In hepatitis C virus of the genus Hepacivirus, a number of adaptive changes have also taken place on the polymerase NS5B with the split of the predominant subtypes 1a and 1b. 45 Thus, the accumulated results implied that the changes on the NS5 proteins frequently constitute a genetic signature relevant to the biological diversity and (or) large-scale dissemination of the viruses in the family Flaviviridae.
Functionally, the observed adaptive diversification on NS5 calls for two scenarios. First, the changes at the identified sites might contribute to the alteration of interacting behavior between NS5 and putative function-related factors and (or) template. It has been reported that, during viral replication, the methyltransferase domains of the flavivirus NS5 proteins recruit cellular factors kinases (CK1 and PKG), 46, 47 mitochondrial trifunctional protein (MTP), 48 and PSD-95/Dlg/ ZO-1 proteins, 49, 50 while the RdRp domains can interact with the nuclear import receptors importin-α and importin-β, 43, 51 cyclophilin A, 52 heat shock protein 70 (Hsp70), 53 protein kinase G (PKG), 40 L subunit of human eukaryotic translation initiation factor 3 (eIF3L), 54 and small nuclear ribonucleoprotein U1A. 55 These factors can enhance formation of the replication complex, RNA stability, genome translation, and/or posttranslational modification. 56, 57 Considering the remarkable difference in YFV transmission cycles between Africa and South America, 58, 59 the existence of the adaptive changes might favor the interaction between NS5 and cellular factors from different host and (or) vector. The second scenario envisages the arms race between hosts and YFV. The NS5 proteins of different flaviviruses have been shown to antagonize the host antiviral response by blocking the type I interferon (IFN-I or IFNα/β) pathway. 50, [61] [62] [63] In these anti-immune strategies, the NS5 proteins can bind to the signal transducer and activator of transcription 1 (STAT1) and/or STAT2, two critical components of the IFN-I signaling pathway, and mediate IFN antagonism which may influence the virulence of flaviviruses. Additionally, with regard to microbial anti-immunology, previous studies have suggested that pathogens have evolved various virulence strategies including blockage of signaling pathways to neutralize host immune responses. 64 Taken together, in these contexts, the residue changes at the identified sites might influence the interaction of NS5 with cellular factors and (or) the components of host immune defense, then constituting or maintaining functional adaptations of YFV in epidemics.
Epidemiologically, it is noteworthy that, in addition to the striking phylogeographic relationships, currently circulating YFVs exhibit considerably different activity of epidemics in West Africa and South America. 3, 59, 65 From the early twentieth century, the majority of YF infections occurred in the former, including some very large epidemics. In contrast, there have been only a small number of cases reported in the latter. Epidemic factors, including climate, distribution and abundance of vectors, and prevention efforts (e.g., vector control and vaccination), which influence the transmission of YFV, have been considered. 58, 59 Unfortunately, there is no clear relationship between these factors and the distinct epidemic activity on the two continents. 58 For example, the efforts to control the disease via the eradication of its mosquito vector, Aedes aegypti, have begun to senescence from the 1960s. The failure to eradicate mosquito resulted in the re-infestation of ranges, where it had never previously occurred. 58, 66 Furthermore, some countries in South America have estimated YF vaccination coverage well below the 80% threshold, which is required for a population to effectively prevent an epidemic. 67 Consequently, about 400 million people live in the Americas at risk, which are similar to that (∼500 million people) in Africa. 3 Taken together, these data suggested that the cause of the epidemic discrepancy between West Africa and South America needs to be elucidated with approaches from multiple disciplines. The adaptive changes identified in this study dropped helpful hints for the decisive genetic factors underlying the dissemination and the diversity of epidemic activity of YFV between the continents.
In summary, our analyses provided the evidence that adaptive diversification has occurred on the viral protein NS5 between the West African and South American 39 NS5 methyltransferase and (B and C) the full-length flavivirus NS5 from Japanese encephalitis virus. 40 In (B), five sites identified specifically in the South American lineage are shown in the methyltransferase and RNA-dependent RNA polymerase domains. In (C), six sites identified specifically in the West African lineage and four phylogenetically ambiguous substitution sites are shown in the RNA-dependent RNA polymerase domain. The methyltransferase domain is shown in green and RNA-dependent RNA polymerase domain is indicated in blue. The residues at the identified sites are shown in purple.
lineages. In addition, the majority of lineage-specific changes presented different distribution patterns on NS5 structural regions. Certainly, future structural and functional studies will be pivotal to understand the impacts of these adaptive genetic changes. If the inferences are experimentally supported, it might extend our knowledge regarding the molecular basis for the emergence and re-emergence of YF.
